Abstract -Studies on the nesting biology of cavity nesting hymenoptera (bees and wasps) have stimulated many questions related to the behavior, life cycle, trophic niche, and sex ratio to better understanding of the life history of insects. Leafcutting bees are common insects, and many are important and efficient pollinators of crops and other plants. We studied the nesting biology of Megachile (Moureapis ) maculata in a montane semi-deciduous forest in Brazil using trap nests in order to improve the knowledge of aspects of the natural history of this important pollinator group. During 27 months, 87 nests were collected with an average of seven brood cells per nest. Most of the nests were in cavities of 0.9 cm in diameter (77%), and the number of brood cells ranged from 1 to 11. Absence of seasonality in nesting behavior suggests a multivoltine species. The total mortality rate was 26%, with the cuckoo bee Coelyoxis (Acrocoelioxys ) sp. being the main natural enemy attacking 15% of brood cells. The sex ratio is clearly male-biased (1:0.42). Females and their brood cells were larger than males and their brood cells, which may suggest an imbalance in the energetic cost of each sex. The success of this bee species in colonizing trap nests makes it an interesting potential opportunity to use this species for pollination of cultivated Asteraceae plant species, like sunflower.
INTRODUCTION
The genus Megachile Latreille, 1802 (Megachilidae) is large, with 1524 species described, of which 147 have been recorded from Brazil (Ascher and Pickering 2015) . Species of megachilid bees use several nesting substrates. Some species dig nests in the soil, but most are specialists in using pre-existing cavities in the ground, among rocks or in pithy stems and galls (Eickwort et al. 1981) . Pre-existing cavities are also found in dead wood, such as old galleries of wood-dwelling beetles, which are important nest spaces in forest ecosystems (Zuo et al. 2016) .
Materials used for nesting construction are quite diverse, including sand, mud, resins, plant trichomes, petals, and leaf pieces. The behavior of nesting in cavities probably evolved repeatedly in ancestral species that nested in the soil (Eickwort et al. 1981) and may be more common than once supposed. Females, particularly of the genus Megachile , use their mandibles to cut pieces of leaves used to build their brood cells. This remarkable behavior, of using pieces of leaves to build the brood cells, is unique among bees.
Research using trap nests can reveal varied life stories in insects (e.g., Staab et al. 2014) and are helpful in studies of bioindicators (e.g., Tylianakis et al. 2004; Tscharntke et al. 1998) . Unlike eusocial species, solitary bees spend much of their lifetime constructing and provisioning their nests. The environmental structure affects the choice of nesting site and food availability (Morato and Martins 2006) .
Nests of solitary bees are also useful for the study of parental investment strategies since females (males do not participate in nest construction or provisioning) have a high degree of control over sex determination and the size of their offspring (Bosch 2008) .
Many parasitoids attack nests of wasps and bees (e.g., Krombein 1967; Genaro 1996; Veddeler et al. 2010) , and several insect groups have been recorded in association with nests of species of Megachile . Among the most common are the cleptoparasitic bees of the genus Coelioxys (Megachilidae) (Michener 1953; Krombein 1967; Yanega 1994; Zillikens and Steiner 2004) and chalcidoid wasps (Chalcidoidea; Peck 1969) .
Megachile (Moureapis ) maculata Smith, 1853 is a megachilid bee that occurs at higher altitudes (higher than 600 m) and has been recorded in Argentina, Paraguay, and Brazil (Raw 2007) . There is little information about the nesting biology of the subgenus Megachile (Moureapis ). Laroca (1991) provided some data about nests of Megachile apicipennis Schottky, 1902 (cited as Pseudocentron apicipennis ) while studying nests of Euglossa stellfeldi Moure, 1947 . Buschini et al. (2009 studied the pollen in nests of an unidentified species of this subgenus. Teixeira et al. (2011) and Cardoso and Silveira (2012) described the nesting biology of Megachile benigna Mitchell, 1930, and Cardoso and Silveira (2012) also reported on some aspects of the nests of M. maculata , but based on only two nests.
The occurrence of M. maculata in trap nests was reported for the first time by Sabino and Antonini (2011) (cited as Megachile anthidioides Radoszkowski, 1874). Sabino et al. (2016) also performed a thorough study of the trophic niche of this species, showing it is oligolectic on Asteraceae. Despite the unique biology and economic importance of megachilid bees as pollinators of cultivated plant (Pitts-Singer and Cane 2011), the biology of the vast majority of species remains unknown. Here, we present the results of a 27-month study on the nesting behavior of Megachile (Moureapis ) maculata and describe some aspects of its biology including nesting period, sex ratio, and natural enemies.
MATERIALS AND METHODS
Data were collected at the Parque Estadual do Itacolomi (from here on PEIT). The 7000-ha reserve is at 20°22′30″S and 43°32′30″W between a 650-and 1772-m elevation, in the historic districts of Ouro Preto and Mariana, state of Minas Gerais, Brazil. Regional climate is moderately humid subtropical with an annual average temperature of 21.7°C. Local vegetation is mostly composed of montane tropical forest in various stages of regeneration (from an abandoned tea plantation) with large tracts of rocky fields on mountain tops (Messias et al. 1997) .
Trap nests were made from black tubes (made of black cardboard) placed inside plastic bottles and black tubes inserted in wooden blocks with a total of 60 holes arranged linearly. Trap nests were uniform in length (120 mm), but varied in their inner diameters (6, 9, 13, and 16 mm). Trap nests were tied horizontally to tree trunks at about 1.8 m above the soil surface and were set at 4-m intervals along a trail in an open field near forest. The same number of nests of each diameter was offered.
A total of 600 trap nests (150 of each diameter) were kept in the field between January 2007 and February 2008 and between March 2009 and March 2010. They were inspected twice a month. Tubes occupied by bee nests were collected, taken to the laboratory, and replaced with new empty tubes.
When a female was observed actively nesting (i.e., carrying leaves or pollen to the nest), the tube she was using was left in the field until the next inspection. We also actively searched for females on plants in order to discover which plant species they used to cut leaves from, for brood cell construction.
In the laboratory, each tube brought from the field was kept in a glass tube that was closed at both ends with a tissue (muslin) to allow air circulation and maintained at room temperature (ca. 15-25°C). We measure the intertegular distance of the individuals that hatched (ID) with digital Ecology and nesting biology of Megachile maculata calipers. This measure was used to access body size, since it reliably correlates with body mass and is frequently used in studies of nesting biology, foraging ecology, and reproductive biology of bees (Cane 1987; Bullock 1999) . We cubed the thorax width, as this has been shown to be highly correlated with dry weight (Martins et al. 1999; Oliveira and Schlindwein 2010) . The secondary sex ratio was calculated as the number of hatched females per hatch male. Brood cells that remained closed for a long period of time (about 6 months) were opened to investigate whether an immature had died (egg or pre-or post-defecating larvae) or whether it was diapausing. The number and identity of parasitoids and kleptoparasites was also recorded. All insects were identified and deposited with their nest material in the Entomological Collection of the Laboratório de Biodiversidade, of the Universidade Federal de Ouro Preto.
The length and width of 187 leaves of 30 nests in trap nests of 9 mm in diameter and 55 leaves of 5 trap nests of 16 mm in diameter were measured with a digital caliper to evaluate if the size of the leaf used by females varies with nest tube diameter. These diameters were chosen because they are the most abundant (9 mm) and extreme (16 mm) diameter of tubes used for nesting. The t test was used to compare pieces of leaves coming from nests of different diameters. All data are presented as mean ± standard deviation.
A generalized linear model (GLM) (with a quasi-poison error distribution) with contrast analyses was performed to test for correlations between differences in male and female sizes, with length and diameter of cells and the number of built nests in the two seasons (wet and dry).
A GLM also was performed to test the parental investment, by comparing the body mass of male and female, produced in each nest, during the study period. The average body mass of males and females, in each nest, was used as the response variable and sex, month, and the interaction sex/month as the explanatory. Initially, a full model was fitted to the data, including all explanatory variables and their interactions. Terms were then removed from the full model by stepwise deletion (Crawley 1993) . Whether the removal of a term caused a significant increase in deviance was assessed with a chi-squared test.
Mortality rates (%) were calculated in relation to the total number of finished brood cells. The Mann-Whitney test was used to evaluate whether there was a difference in nesting between the dry and rainy seasons (the rainfall data was provided by Novelis do Brasil) and whether there was a difference in development time between dry and wet seasons. Regression analysis was performed to evaluate if there was a relationship between food availability (richness of flowering plants and trophic niche breadth) and operational sex ratio. The number of emerging males and females was used as a dependent variable and trophic niche breadth as the independent variable. Data from flowering plants and trophic niche breadth (calculated monthly by the Shannon's diversity index, using the frequency of pollen grains found in brood cells) came from Sabino et al. (2016) . Statistical analyses were made using Statistica 10.0.
RESULTS

Nests collection and nesting activity
A total of 344 adults emerged from the 87 occupied trap nests. Nesting activity occurred throughout both dry and rainy seasons with no significant differences in the number of occupied nests (U = 52; P > 0.05; Figure 1 ). The bees built their nests in tubes of all four diameters (6, 9, 13, and 16 mm), with 77% being built in 9-mmdiameter tubes (Figure 2) .
The total number of specimens, the number and average size of females and males that emerged, and the sex ratio are presented in Table I . The total sex ratio was male-biased (1:0.42; Figure 3 ) and differed significantly from 1:1 (χ 2 = 56.98; P < 0.05) ( Table I ). Body mass of the females is significantly higher than that of males (F 1,193 = 308.50, P < 0.05) (Table II) ; however, no significant differences were found among individuals of the same sex. Body mass did not change during the nesting period (F 15,178 = 1.38; P = 0.15) (Table II) . Males hatched earlier, but occupied the innermost brood cells of each trap nest. No significant differences were found between the number of emerging males and females and flowering plant richness or trophic niche breadth. 
Ecology and nesting biology of Megachile maculata
During only 6 of the 27 months of the study were no nests built, indicating there is no dormancy in M. maculata . Adult emergence occurred from 3 to 9 weeks after the female closing the nest, with an average of 6 weeks (29%). The nesting period of M. maculata was continuous, but the adult hatching of nests built during the dry season took longer (7 weeks on average) than those built during rainy season (5 weeks on average), but the difference was no significant (U = 23; P > 0.05; Figure 3 ).
Nest architecture
Females of M. maculata constructed an average of 5.34 brood cells with a range of 1-11. The cell series were structured as the pattern commonly described for Megachile , built only with leaves, having a cylindrical appearance, and arranged in linear series. Each occupied trap consisted of only one nest. All nests were closed with circular leaf pieces (5.81 ± 0.46 mm, N = 50), with a vestibular space between the nest entry and the outermost cell. When adults emerged, they chewed through the leaves capping each cell.
Females cut leaves in three different forms depending on usage: smaller and rounded-used as a base cell ( Figure 4a ); larger and rounded-used in operculation ( Figure 4b) ; and elliptical-used to cover the side of the wall (where the mark made by powerful jaws of the females was clearly visible) ( Figure 4c ). The larger leaves used as side panels possessed an average length of 1.44 ± 0.01 cm and an average width of 0.86 ± 0.01 cm (N = 242). There was no relationship between the length of cut pieces of leaves used in nests and the diameter of cavities (F 1,240 = 0.1, P > 0.05) and width (F 1,240 = 1.3, P > 0.05).
After the construction of a cell with cut pieces of leaves, the female lays a single egg over a mass of pollen, which is consumed during the larval stage (Figure 4d ). Average length and diameter of 
Natural mortality
The overall mortality rate was 26%, with only 5% being due to unknown factors. Eighteen brood cells (21%) were attacked by three species of natural enemies: the cuckoo bee Coelyoxis (Acrocoelioxys ) sp. was present throughout the sampling period and attacked 13 brood cells (7.31% of the total brood cells); the parasitoid wasp Melittobia australica Girault, 1912 (Eulophidae) attacked 1 brood cell (0.22% of the total brood cells); and the cuckoo wasp Chrysis sp. parasitized 4 brood cells (1.94% of the total brood cells).
DISCUSSION
We describe here in detail the natural history of a leafcutting bee M. maculata since little of the information about the nests of M. maculata acquired in this study had been previously described by Sabino and Antonini (2011) that reported on this species using trap nests and Cardoso and Silveira (2012) that described some aspects of its nesting biology. Cardoso and Silveira (2012) Ecology and nesting biology of Megachile maculata speculated that the limited number of nests they found may be a result of M. maculata being rare in the specific environment they studied (semideciduous forest) or that this bee species does not use the bamboo culms as trap nests (that, in general, mimic wood). Contrary to this, however, our results show M. maculata to be abundant in semi-deciduous forest, nesting in trap nests made of tubes. It is important to notice that only this species of bee was nesting in trap nests offered in 2 years of research.
In general, our observations on the nesting biology of M. maculata is in agreement with what is known for the few other studied species of Megachile (Moureapis ) (e.g., Buschini et al. 2009; Sabino and Antonini 2011; Cardoso and Silveira 2012) and described (Krombein 1967) for other leafcutter bee species (e.g., Laroca et al. 1987; Zillikens and Steiner 2004; Torretta et al. 2012) . Specifically, all these studies reported the use of pre-existing cavities, a layer of overlapped pieces of leaves covering the entire chamber and an inner layer of pieces of leaves with the bottom of the brood cells formed by bending leaf pieces upwards from the base of the brood cells (Medler 1965; Kim 1992) .
The use of leaves of different groups of plants seems to be a pattern in Megachile species and is related to the availability of plants with Bsoftl eaves, which are easier to cut and mold (Zillikens and Steiner 2004; Alqarni et al. 2014) . We found M. maculata using leaves of two species of Fabaceae for lining nests. Other studies have reported the use of other plant families, such as Zillikens and Steiner (2004) who found nests of Megachile pseudanthidioides Moure, 1943 built with pieces of fern (Pteridophyta) and leaves of Myrtaceae. Some species, however, use leaves of the plant where they collect pollen, such the alfalfa leafcutter bee, Megachile rotundata Fabricius, 1787 that uses leaves of alfalfa for lining its nests (Pitts-Singer and Bosch 2010). This does not occur with M. rotundata that preferably uses Asteraceae plants as source of pollen (Sabino et al. 2016) .
The average number of brood cells found in the present study was similar to that reported by Cardoso and Silveira (2012) for Megachile (Moureapis ) benigna , but greater than what they reported for M. maculata , perhaps due to the limited number of nests they analyzed. There were also noticeable differences between these reports and the present study regarding the number and size of the leaf pieces used for cell construction. These variations are likely due to differences in body size of the distinct species, with larger bees having larger brood cells.
The hatching pattern of M. maculata at our study site suggests a multivoltine life cycle. Various generations of individuals, mostly developing without interruption in brood cells, were found between about June to January. Adults hatch about 45 days after egg laying. However, a small proportion of bees stay in an Boptional^diapause in the dry season, emerging after 60 days. Wilms (1995) also recorded a seasonal pattern of activity for megachilids associated with the summer in the Atlantic Forest of Boraceia, São Paulo. According to Camarotti-de-Lima and Martins (2005) , many megachilid bees from tropical regions are bi-or multivoltine. Despite a lot of studies conducted in many parts of the world, more species of leafcutting bees, particularly from the tropical region, need to be studied over a wider range of climates and biomes to assess whether megachilids generally pass part of the year in diapause.
Nesting activity throughout all seasons in the present study was not expected, since most other studies have found the concentration of nesting activity to be associated with the warm season (Becker et al. 1991; Alves-dos-Santos 2003) . Some authors (e.g., Viana et al. 2001 ) considered that such activity peaks are associated with food availability. M. maculata is oligolectic on Asteraceae (Sabino et al. 2016) , and the two most important pollen sources for this species (Baccharis and Vernonia species) bloom in both the dry and wet seasons, which may explain the lack of seasonality for this bee species.
The male-biased sex ratio we found differed from that observed by Filho and Garófalo (2016) for Megachile (Crysosauros ) guaranitica and by Cardoso and Silveira (2012) for M. benigna , but was similar to the male-biased ratio found by Cardoso and Silveira (2012) for M. guaranitica . However, Megachile sex ratios can exhibit considerable intraspecific variation, as reported by Teixeira et al. (2011) , who found a male-biased ratio for M. benigna , whereas Cardoso and Silveira (2012) observed a slightly female-biased ratio for the same species. For some species of Neotropical Megachile , both female-biased (Zillikens and Steiner 2004; Torretta et al. 2012, Filho and Garófalo 2016) and male-biased sex ratios (Sabino and Antonini 2011; Marques and Gaglianone 2013) have been found. The reasons for differences in sex ratio for species of Megachile remain very speculative, and this interesting issue is in need of more study. Cardoso and Silveira (2012) , for example, pointed out that Megachile (Moureapis ) may actually prefer to use wide cavities (they used 3 cm) based on a few observations for two species. In our study, however, we offered four different sizes of trap nests and M. maculata predominantly used traps of 0.9 mm. The selection of cavity size differs among species that nest in pre-existing cavities.
The body mass was not related to food availability, as was suggested by Michener (1974) , Krombein (1967) , and Kim (1997) . Therefore, to be consistent, a study intending to evaluate the mechanisms that drive sex allocation should take into account foraging time, number of trips required to construct a cell, and quantity of pollen allocated according to sex. Anyway, we should be more careful when analyzing sex ratio data. Our study used pre-defined diameters with pretty large differences between the single diameter classes. It is difficult to reliably study sex ratios when the female bees cannot choose from a broad and continuous range of nest diameters, as it would be the case when using reed or bamboo for trap nests.
Mortality of larvae due to mold or desiccation was low along the entire study period. Among the parasitoid species that may attack the brood cells, Coelioxys spp., M. australica (Eulophidae), and the cuckoo wasp, Chrysis spp., are known to parasitize nests of Megachile and other bee species (e.g., Michener 1953; Zillikens and Steiner 2004; Pitts-Singer and Cane 2011; Filho and Garófalo 2016) . Brood parasitism of leafcutting bees by species of Coelioxys is well documented worldwide, including Brazil (Krombein 1967; Michener 2000; Scott et al. 2000; Aguiar et al. 2005; Cardoso and Silveira 2012) , supporting our findings. The overall rate of parasitism was 20.7%, similar for trap nesting Hymenoptera in tropical and subtropical regions (between 10 and 20%; e.g., Paini 2004; Torretta et al. 2012; Alvarez et al. 2016 ) with some notable exceptions (e.g., 49% in O' Neill and O'Neill 2016 , 76.9% in Filho and Garófalo 2016 , and only 3% in Staab et al. 2014 . The synchrony of the life cycles of kleptoparasitic bees and their hosts was previously described by Scott et al. (2000) and Zillikens and Steiner (2004) . In our study, the development of Coelioxys sp. and M. maculata was of similar duration so that the emergence of this kleptoparasite was synchronized with that of its hosts. At least for the single short brood cycle observed, the emergence of the kleptoparasites closely corresponded to the lifetime of the host. Zillikens and Steiner (2004) pointed out that if Coelioxys sp. was strictly specific to its Megachile host, parasitism should also occur during the second brood cycle. This was exactly what we found; the kleptoparasitic bee was found throughout the study period showing the same life cycle pattern as their host.
The use of black cardboard tubes has a potential use in the management of this species for pollination programs. Where farming is intense, and an abundance of pollinating bees is needed, management of cavity nesting bees would be valuable (Pitts-Singer and Bosch 2010). The oligolecty in Asteraceae makes M. maculata a potential pollinator for important crops in Brazil such Helianthus annuus L., for example. Sunflower is the second largest source of eatable oil in the world and depends almost exclusively on the non-native honey bees (Paiva et al. 2003) . Furthermore, Megachile has been seen as a good pollinator of Vellozia in high-altitude rocky grasslands (Oliveira et al. 1991; Jacobi and del Sarto 2007) .
According to Bosch (2008) and Torreta et al. (2012) , basic knowledge about the nesting biology, including developmental physiology of bee pollinators, is essential for developing appropriate rearing methods to be applied in pollination of cultivated plant species. Taking into account those considerations and based on our results, we can say that there is future potential for developing this species for pollination of cultivated plants in Brazil. Further research on this diverse group of bees is needed and will shed more light on the role of Megachile species as pollinators.
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